Medium chain esters produced from fruits and flowering plants have a number of commercial applications including use as flavour and fragrance ingredients, biofuels, and in pharmaceutical formulations. These esters are typically made via the activity of an alcohol acyl transferase (AAT) enzyme which catalyses the condensation of an alcohol and an acyl-CoA. Developing a microbial platform for medium chain ester production using AAT activity presents several obstacles, including the low product specificity of these enzymes for the desired ester and/or low endogenous substrate availability. In this study, we engineered Escherichia coli for the production of butyl octanoate from endogenously produced octanoylCoA. This was achieved through rational protein engineering of an AAT enzyme from Actinidia chinensis for improved octanoyl-CoA substrate specificity and metabolic engineering of E. coli fatty acid metabolism for increased endogenous octanoyl-CoA availability. This resulted in accumulation of 3.3 + 0.1 mg/L butyl octanoate as the sole product from E. coli after 48 h. This study represents a preliminary examination of the feasibility of developing E. coli platforms for the synthesis single medium chain esters from endogenous fatty acids.
INTRODUCTION
Volatile short and medium chain esters (C4-C14) are found naturally in the flowering and vegetative tissue of plants where they can function either to attract pollinators, or as anti-microbial or anti-herbivore agents (Dudareva, Pichersky & Gershenzon, 2004; Beekwilder et al., 2004; Rodriguez, Tashiro & Atsumi, 2014) . Short and medium chain esters also occur naturally as fermentation products from certain species of yeast and lactic acid bacteria. Those produced by the former have garnered particular interest as they strongly influence both the aroma and flavour profiles of beers and wines (Verstrepen et al., 2003; Costello et al., 2013) . The majority of short and medium chain esters possess fruity and floral aromas-with their chemical structure influencing their characteristic scent. As such, they have been widely adopted as valuable flavour and fragrance compounds in perfumes, cosmetics, food, and beverages (Sose, Bansode & Rathod, 2017; Rodriguez, Tashiro & Atsumi, 2014; Schrader et al., 2004) , representing a key product group in the Additional strain improvements aimed at optimizing substrate availability for AAT catalysed esterification, by the elimination of metabolic pathways that compete directly for precursors such as pyruvate or acetyl-CoA, have succeeded in increasing final ester titres (Rodriguez, Tashiro & Atsumi, 2014; Tai, Xiong & Zhang, 2015) . The culmination of these works has been particularly successful for the synthesis of short chain esters such as isobutyl acetate, isoamyl acetate, and ethyl butyrate from E. coli (Rodriguez, Tashiro & Atsumi, 2014; Layton & Trinh, 2016; Tai, Xiong & Zhang, 2015) . However, these short chain esters are relatively toxic to the production host and, even in the presence of a typical second phase such as dodecane their amphiphilicity can still result in toxic aqueous phase concentrations.
In addition to the volatile short/medium chain esters produced via an AAT enzyme, long chain esters can be synthesized by a wax synthase (WS) enzyme. WSs have promiscuous substrate specificity, typically accepting acyl groups with chain lengths of C16 or C18 and alcohols ranging in chain length from C12 to C20 (Shi et al., 2012) , though a number of WSs with activity for alcohol and acyl-CoA substrates outside of this chain length range have been characterised (Kalscheuer et al., 2006a; Shi et al., 2012; Guo, Pan & Li, 2015; Röttig, Zurek & Steinbüchel, 2015) . This promiscuity has seen WS exploited for the microbial production of biodiesel, specifically fatty acid ethyl esters (FAEE) and fatty acid short esters (FASE) . (Kalscheuer, Stölting & Steinbüchel, 2006b; Elbahloult & Steinbüchel, 2010; Duan et al., 2011; Zhang, Carothers & Keasling, 2012; Guo, Pan & Li, 2015; De Jong et al., 2014; Röttig, Zurek & Steinbüchel, 2015) . These biodiesel strains typically produce an array of ester products where the acyl group ranges in chain length from C12 to C18 (Duan et al., 2011; Guo, Pan & Li, 2015; Röttig, Zurek & Steinbüchel, 2015) . No FAEE or FASE products with an acyl chain length <C12 have been reported from biodiesel producing microbial strains. While some WS enzymes employed in these strains have been shown to accept acyl substrates with chain lengths as low as C2 in in vitro assays, the activity for C2-C12 acyl-CoAs is very low (Stöveken et al., 2005) .
In contrast to the microbial production of esters composed of short chain acyl constituents (C2-C4) or long chain acyl constituents (C12-C18), the production of esters where the acyl chain length is C6-C10 has been significantly less successful, with the principal impediments being (i) the low substrate specificity of known AATs or WSs towards medium chain length acyl-CoAs, and (ii) the low endogenous availability of these medium chain length substrates. For those AAT and WS enzymes that have been characterised as having activity towards medium chain acyl-CoAs, this activity is typically low as they are often not the preferred substrate (Souleyre et al., 2005; Günther et al., 2011; Beekwilder et al., 2004; Goulet et al., 2015; Lucchetta et al., 2007; D'Auria, Chen & Pichersky, 2002) . This proves especially problematic in an intracellular environment as the milieu is highly crowded and contains a wide range of potential substrates, increasing the likelihood of medium chain acyl-CoAs being outcompeted by others that bind at higher affinity to the AAT or WS (Souleyre et al., 2005; Layton & Trinh, 2016; Verstrepen et al., 2003) . Since medium chain acyl-CoAs are naturally present only at low abundances in E. coli, generally being found as intermediates of β-oxidation (Torella et al., 2013; Lennen & Pfleger, 2012) , the background of preferred substrates becomes more problematic. However, recent success has been achieved in the engineering of E. coli for the increased production of free medium chain acids (Torella et al., 2013; Clomburg et al., 2015; Wu et al., 2017; Tan et al., 2018) , making the possibility of producing high titres of medium chain fatty acid derivatives (via an acyl-CoA intermediate), such as esters, more feasible.
The present proof-of-concept study describes the construction of an E. coli strain for the production of a single medium acyl-chain ester, butyl octanoate, from endogenous octanoyl-CoA. While butyl octanoate has widespread commercial applications, it also represents a molecule with attractive production characteristic. Unlike shorter chain esters it is non-toxic to E. coli (Fig. S1 ) while also sufficiently permeable to diffuse through the cell membrane, unlike longer chain esters. Therefore, if a good production strain could be generated it offers the potential to generate a product which could naturally accumulate as a non-toxic second phase. The microbial production of this compound has not been extensively explored to date, due to obstacles such as those described above (Sose, Bansode & Rathod, 2017) , while the majority of work describing ester synthesis in E. coli has reported the production of ester mixtures (Rodriguez, Tashiro & Atsumi, 2014; Layton & Trinh, 2014; Guo, Pan & Li, 2015) -most likely a result of the combination of AAT/WS promiscuity and the endogenous availability of multiple potential substrates. Downstream separation of these mixtures by fractional distillation would increase process cost (Onuki et al., 2008) . Therefore, in order to capitalise on both the potential for self-partition and to minimise downstream purification, it was desirable to engineer E. coli for single ester production. In this work, butyl octanoate was obtained as a single end-product from E. coli by engineering an AAT enzyme from Actinidia chinensis for improved product specificity for butyl octanoate, and incorporating it into a strain of E. coli modified for high octanoyl-CoA availability. This is the first example of a medium chain ester with an acyl chain >C6 being produced as a single ester product in E. coli.
MATERIALS AND METHODS
All media components, solvents and chemicals were purchased from Sigma-Aldrich (Dorset, UK) or Fisher Scientific (Loughborough, UK) unless otherwise stated. E. coli strains BIOBlue (Bioline, London, UK), C43 (DE3) (Lucigen, Middleton, WI, USA), and S002 (Torella et al., 2013) were used for plasmid construction and expression, respectively. Gene sequence harmonisation was performed manually using an Actinidia chinensis codon usage table created using data analysis and molecular biology and evolution, (Xia, 2013) software, while all gene sequence optimisation and gene synthesis was performed by GeneArt (Thermo Fisher Scientific, Waltham, MA, USA). Plasmid pBEST-luc was purchased from Addgene as plasmid #45394 (a gift from Vincent Noireaux), as was plasmid pAG32 (#35122; a gift from John McCusker). E. coli strain S002 was a generous gift from Pamela A. Silver (Harvard Medical School).
Plasmids, bacterial strains, and growth conditions
All plasmids and strains used in this study are listed in Table 1 . Luria Broth (LB) media (10 g/L tryptone, 10 g/L NaCl, and 5 g/L yeast extract) was used for gene cloning procedures and pre-culturing. For shake-flask production of butyl esters, recombinant strains were cultured either in Terrific Broth (TB) media (12 g/L tryptone, 24 g/L yeast extract, 4 mL glycerol, 0.17 M KH 2 PO 4 , and 0.72 M K 2 HPO 4 ) containing 2% glucose (w/v), or LB media (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) containing 2% glucose (w/v). For tube production of octanoic acid, recombinant strains were cultured in M9 media (33.9 g/L Na 2 HPO 4 , 15 g/L KH 2 PO 4 , 5 g/L NH 4 Cl, 2.5 g/L NaCl pH 7. (v/v) . Ampicillin (Amp, 100 mg/mL) or hygromycin B (HygB, 100 mg/mL) were added to the culture medium depending on the selectable marker gene on each plasmid.
Plasmid construction
All plasmids constructed were sequenced for verification by GATC Biotech (Konstanz, Germany). All primer sequences can be found in Table S1 . The harmonised coding sequence of AAT16 from Actinidia chinensis (GenBank No. HO772640; harmonised sequence in Fig. S2 ) was cloned between restriction sites BamHI and XhoI into the IPTG-inducible E. coli expression vector pET21a to produce pET21a::AAT16. Derivative point mutants of the AAT16 gene were made by overlap extension PCR consisting of two sequential DNA amplifications, as described by Heckman & Pease (2007) . The gene sequence for each AAT point mutant was flanked with BamHI and XhoI restriction sites and inserted into pET21a. The optimised coding sequence of FATB1 from Cuphea Lüthy, Bowie & Eisenberg, 1992) were employed to evaluate the accuracy of the models, and the one with the best stereochemistry was chosen.
Binding pocket identification
The solvent pocket associated with the AAT16 active site motif was identified using the ICMPOCKETFINDER software, which uses a transformation of the Lennard-Jones potential to predict the position and size of ligand-binding pockets (Abagyan, Totrov & Kuznetsov, 1994; www.molsoft.com) .This feature identifies all voids and pockets of the protein 3D structure and measures the volume and area of each. As well, it identifies the surrounding residues that compose said pockets. The pocket associated with the acyltransferase catalytic motif (HxxxD) was identified as the substrate binding pocket and is found to be highly conserved in higher plants and yeast (Morales-Quintana et al., 2011).
Molecular docking of AAT mutants
Docking studies were carried out to predict putative modification in the binding mode of butanol of octanoyl-CoA between the wild type AAT16 protein and mutant variants of the AAT16 protein. This was carried out using ICM software (www.molsoft.com). First, a library of AAT16 mutants was created where those residues that influence the substrate binding pocket (identified in section "Binding pocket identification") were individually mutated to the corresponding residue(s) present at that location in other AAT enzymes. This was done as an attempt to prevent wholly unfavourable mutations with the presumption that should a given residue be present at that location in another AAT, that a mutation to that residue in the AAT16 protein is less likely to result in complete abolishment of activity. Where more than one residue was present at a given location in different AAT enzymes, each permutation was included. This library was then used for docking investigations whereby the octanoyl-CoA was bound first, and the butanol second.
Resulting docking conformations were then assessed and optimized as described by Galaz et al., 2013 . The orientation and distance of the docked substrates to the catalytic residues present in the active site were then measured and compared to the wild type AAT16.
Shake flask characterisation of butyl ester production in E. coli
Expression of AAT16 from Actinidia chinensis with exogenous butanol and octanoic acid feeding volatilized esters before the OD 600 of each culture was determined and then centrifuged at 4,000 rpm for 15 min the separate the pellet and supernatant fractions, the supernatant fraction was extracted directly into hexane, while the pellet fraction was resuspended in five mL of 0.9% NaCl (w/v) and sonicated at 12 microns for 30 s before being extracted into hexane for product analysis by Gas Chromatography-Mass Spectometry (GC-MS). For the comparison of the butyl ester profile between wild type AAT16 and AAT16 point mutants, E. coli strain C43 (DE3) harbouring pET21a::AAT16; AAT16-S99G; AAT16-L178F; or AAT16-S99G-L178F were cultured as described above in a total volume of 5 mL in glass test tubes.
Expression of strain DLBO3 with exogenous butanol feeding
Escherichia coli strain DLBO1 (control) and DLBO3 were grown in LB at 37 C and 250 rpm, overnight. Cultures were inoculated to 1% in 25 mL of TB + 20 g/L glucose (w/v) and grown at 37 C and 250 rpm until on OD 600 of 1.0 was reached. Cultures were then induced by the addition of 0.4 mM IPTG and supplemented with 4 mg/mL cerulenin before being transferred to a rotary shaker at 20 C for 2 h. Cultures were then supplemented with 10 mM butanol before being returned to 250 rpm and 20 C for a further 24 or 48 h. Following this, the OD 600 of each culture was determined and sample preparation for analysis by GC-MS was carried out as described above in section 'Expression of AAT16 from Actinidia chinensis with exogenous butanol and octanoic acid feeding'.
Alcohol acyl transferase activity assay
Escherichia coli strain C43 (DE3) containing either no plasmid (negative control), pET21a:: AAT16, pET21a::AAT16-S99G, or pET21a::AAT16-L178F were grown at 37 C in LB overnight. Cultures were then inoculated to 1% in 250 mL of TB +/-ampicillin (100 mg/mL) and grown at 37 C and 250 rpm until an OD 600 of 1.0 was reached. At this point gene expression was induced with the addition of 0.4 mM IPTG and cultures were further incubated another 16 h at 18 C. Following this, E. coli cells were harvested through centrifugation (4,000 rpm for 40 min), resuspended in extraction buffer (50 mM Tris HCl pH 8.5, 10% (v/v) glycerol, and 1 mM DTT; Complete TM protease inhibitor tablet-EDTA-free, Roche, Basel, Switzerland), and sonicated on ice until clear. Samples were then centrifuged (4,000 rpm for 20 min) to pellet cell debris, and the crude cell lysates were concentrated using Amicon 10 kDa MWCO centrifugal filters. Protein concentration was determined using the Bradford assay (Bradford, 1976) .
Reactions were carried out in a total volume of 500 mL containing: 20 mL crude cell lysate of E. coli strain C43 (DE3) expressing either AAT16, AAT16-S99G, or AAT16-L178F enzyme, buffer (50 mM Tris HCl pH 8.5, 10% (v/v) glycerol, and one mM DTT), 20 mM butanol, and 0.5 mM octanoyl-CoA. Both substrates were present at saturating concentrations. Reactions were incubated at 30 C and 250 rpm for 30 min before being halted with the addition of 100 mL of 10% (w/v) SDS. Each reaction was then extracted into 150 mL of hexane for future product analysis by GC-MS. All assays were carried out in triplicate.
Endogenous octanoic acid production analysis
Escherichia coli strains C43 (DE3), S002, and DLBO2 were grown at 37 C in LB overnight.
Cultures were then inoculated to 1% in 7 mL of M9 media + 1% glycerol (v/v) (+/-100 mg/mL ampicillin) and grown at 37 C and 250 rpm until an OD 600 of 0.8, and then induced with 0.4 mM IPTG. At this time, some cultures were additionally supplemented with 4 mg/mL of the antibiotic cerulenin for fatty acid elongation retardation. Following induction, all cultures were incubated at 30 C and 250 rpm for 24 h before analysis.
For analysis, the OD 600 of each culture was determined, and 2 mL of culture was centrifuged at 4,000 rpm for 10 min to isolate the cell pellet. 10 mg of undecanoic acid (C:11) was added as an internal standard to the cell pellet before resuspension in three mL of 1 M MeOH-HCl. Samples were then incubated at 80 C for 90 min for lipid transmethylation.
Samples were then cooled to room temperature before the addition of 1 mL of 0.9% (w/v) NaCl. Following this, each sample was extracted into hexane for methyl ester analysis by GC-MS.
Ester and acid quantification
Butyl ester products were quantified using a model 7890B gas chromatograph and 5977A mass spectrometer (Agilent technologies, Stockport, UK). Samples were separated on a DB-FFAP 30m Â 20 mm Â 0.25 mm capillary column under the following conditions: one mL of sample was injected onto the column which was held at 40 C for 5 min, the temperature was then ramped at a gradient of 15 C/min to a final temperature of 250 C and held for 4 min. Butanol and butyl ester products typically eluted between 4 and 12 min and were monitored on both MS and FID detectors. The concentration of product was quantified using calibration curves for each compound analysed.
RESULTS AND DISCUSSION
Expression of AAT16 from Actinidia chinensis in E. coli
Three alcohol acyltransferase enzymes have previously been reported as being able to catalyse the formation of butyl octanoate, these are: AeAAT9 from Actinidia eriantha, AAT16 from Actinidia chinensis, and MpAAT1 from Malus pumila (Souleyre et al., 2005; Günther et al., 2011 ). An AAT purified from Neurospora sp. ATCC 46892 has also shown activity towards both butanol and octanoyl-CoA in vitro, however, to date no Neurospora AAT coding gene has not been assigned (Yamauchi et al., 1989; Menendez-Bravo et al., 2017) . While butyl octanoate is not the preferred end-product for any of these three enzymes, AAT16 from Actinidia chinensis showed the highest activity for its production, and so was chosen as the candidate AAT for this work (Günther et al., 2011) . No WS enzymes were considered in this study as none have been shown to produce butyl octanoate either in vitro or in vivo. The nucleotide sequence of the AAT16 gene was codonharmonized for expression in E. coli and cloned into pET21a to drive expression from the strong T7 promoter (Table 1) . For initial studies, expression cultures of E. coli C43 (DE3) harbouring the pET21a::AAT16 plasmid were supplemented with 10 mM butanol and 5 mM octanoic acid to provide an excess of substrate to the AAT16 enzyme. It was found that these cultures produced a mixture of acyl butyl esters that included butyl fig-1 butyrate, -hexanoate, and -octanoate after 18 h incubation (Fig. 1) . Butyl esters were not detected in E. coli cultures expressing AAT16 with no substrate supplementation. These esters were found both in the culture broth and cell pellet, with the proportion of ester found in the cell pellet fraction increasing as the chain length of the ester increased (Fig. 1) . This probably reflects the increased hydrophobicity of the longer octanoic ester compared to the more hydrophilic butyric ester, promoting its partition into the cell membrane. The butyl butyrate (54 + 5 mg/L) and -hexanoate (11 + 2 mg/L) titres were significantly higher than that of butyl octanoate (1 + 0.06 mg/L). This is a reflection of the substrate specificity of the AAT16 enzyme, which prefers the shorter butyryl-CoA and hexanoyl-CoA chain lengths to octanoyl-CoA (Günther et al., 2011) . Cultures of E. coli C43 (DE3) harbouring pET21a::AAT16 supplemented with only butanol produced a small amount of butyl butyrate and -hexanoate, but no butyl octanoate (Fig. S8) . This suggests that a portion of the butanoyl-CoA and hexanoyl-CoA substrate utilized by AAT16 was being derived from endogenous acyl-CoA pools and/or fatty acids taken up from the culture broth. The transport of a free fatty acid across the cytoplasmic membrane of E. coli is coupled with its esterification to an acyl-CoA. In this active form it can then act as a substrate for phospholipid biosynthesis or β-oxidation (Zhang, Wang & Qi, 2006; Janßen & Steinbüchel, 2014; Yao & Rock, 2015) . The results of Fig. 1 suggest that upon its activation to octanoyl-CoA, a significant proportion of the exogenously supplied octanoic acid was entering the β-oxidation pathway where it was being iteratively oxidized to hexanoylCoA and butanoyl-CoA-substrates that AAT16 was then acting on preferentially. These observations suggest that engineering an E. coli system for the production of butyl octanoate as the sole product would benefit from protein engineering of the AAT16 enzyme for improved activity towards the longer octanoyl-CoA chain length in order to prevent the esterification from being a rate limiting step and also, removal of β-oxidation.
Protein engineering of AAT16 for improved activity towards octanoyl-CoA
Homology modelling of AAT16 and in silico mutant analysis Alcohol acyltransferase proteins are members of the BAHD superfamily (BAHD is an acronym made of the initial letters of the first four enzymes characterised as belonging to this family). The first member of the acyl-CoA dependent BAHD acyl transferase superfamily to be crystallised was a vinorine synthase from Rauvolfia serpentine, and from this structure it was determined that members of the BAHD family are composed of two equal sized domains connected via a large crossover loop (Ma et al., 2005) . Additionally, they share two conserved motifs: an HxxxD catalytic motif located in the middle of the protein sequence, and a C-terminal DFGWG motif involved in maintaining protein structural integrity (Galaz et al., 2013; Morales-Quintana et al., 2013) . With no available crystal structure for AAT16 from Actinidia chinensis, a model was constructed using three protein templates: a hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase from Sorghum (PDB: 4KE4); a hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase from Coffea canephora (PDB: 4G22), and the vinorine synthase from R. serpentine (PDB: 2BGH) (Ma et al., 2005; Lallemand et al., 2012; Walker et al., 2013) . These templates had sequence identities of 28.2%, 32.9%, and 33.3% to AAT16, respectively. Of the models generated, the best AAT16 model conformer was then further refined and validated based on stereochemical quality using MolProbity software (Chen et al., 2010) . From this it was found that 99.3% of amino acid residues were in favourable or allowed regions (Fig. S3) . The final AAT16 protein model can be seen in Fig. 2A where domain I, domain II, the crossover loop, the HxxxD motif, and the DFGWG motif are highlighted. Previously, several groups have constructed protein models for AAT enzymes from melon (Cucumis melo), mountain papaya fruit (Vasconcellea pubescens), and strawberry (Fragaria x ananassa) and paired in silico and in vitro analysis to characterise the mechanism of catalysis for these enzymes, as well as the impact of AAT structure on substrate specificity (Morales-Quintana et al., 2011 , 2013 Galaz et al., 2013; Navarro-Retamal et al., 2016) . From this work, it has been determined that both the alcohol and acyl-CoA substrates access the catalytic His and Asp residues of the HxxxD motif through a solvent channel that runs through the centre of the protein between domains I and II. Consistent with this, the AAT16 model possesses a predicted central cavity into which H167 and D170 are exposed to facilitate interaction with alcohols and acyl-CoAs ( Fig. 2B and inset) . This cavity in AAT16 has an area of 903.8 Å 2 and a volume of 973.7 Å 3 . The proposed mode of AAT catalysis involves the formation of a ternary complex between the acyl-CoA, alcohol, and protein, which is consistent with the mechanism of catalysis described for other BAHD family members such as: Ss5MaT1, CAT and HAT-for which the mechanistic features of acyl transfer have been extensively studied (Leslie, 1990; Lewendon et al., 1994; Tanner et al., 1999; Suzuki, Nakayama & Nishino, 2003; Galaz et al., 2013 , 2013; Galaz et al., 2013) . Ligand binding analysis of the AAT16 model with octanoyl-CoA was performed using in silico substrate docking in order to analyse the orientation of octanoyl-CoA to the catalytic H166 residue. Ternary complexes were obtained by first building the octanoyl-CoA-AAT16 complex and then incorporating the butanol. It was found that the octanoyl-CoA was located 9.7 Å from H166, which is an unfavourable distance and may explain the low activity of AAT16 for making octanoyl esters (Fig. 2C) . As it has previously been determined that the structure of the solvent channel of AAT is crucial for activity and substrate specificity (Morales-Quintana et al., 2011; Galaz et al., 2013) , we hypothesized that certain amino acid mutations may alter the orientation of the octanoyl-CoA substrate in the solvent channel, improving its position with regards to H166. To investigate this a number of in silico mutants were generated and evaluated for substrate docking. Two of these mutants were selected for experimental investigation: S99G and L178F as they both decreased the distance between the carbonyl group of octanoyl-CoA and H166 in the binding pocket. Additionally, an F185I mutant, which resulted in an increased distance between octanoyl-CoA and the catalytic base (in silico), was selected for comparison. Modelling of these mutations suggested that none would have a significant impact on the pocket shape, orientation of the catalytic residues, or protein backbone compared to AAT16-wt. The AAT16-wt structure was superimposed on each of the mutants, and in each case the proteins displayed similar 3D structures as well as an RMSD value of the backbone of the whole structures that suggested good overall alignment (Fig. S4) .
Interestingly, amino acid alignments of AAT16 with other fruit or flower derived AAT enzymes from different species showed that the amino acids at positions 99, 178 and 185 were relatively well conserved among the other AATs, with AAT16 having divergent residues at these positions (Fig. S5 ). For each of these three mutants, the original residue was changed to the most common residue found at this position among other AATs. It was found that the solvent channels of each mutant remained structurally similar to AAT16-wt, though the pocket volume of , respectively) while the pocket volume of ). Substrate docking showed that the distance between octanoyl-CoA and H166 was reduced for both AAT16-S99G and AAT16-L178F to 7.97 and 8.8 Å, respectively, while it increased for AAT16-F185I to 12.7 Å (Figs. 2C-2F ).
In vivo and in vitro analysis of AAT16 mutants
To investigate the impact of each of these mutations on butyl octanoate production in vivo, each AAT16 mutant was created using overlap PCR and cloned into pET21a. Expression cultures of E. coli C43 (DE3) harbouring either pET21a::AAT16-wt, AAT16-F185I, AAT16-S99G, or AAT16-L178F were supplemented with 10 mM butanol and 5 mM octanoic acid and the butyl ester profile from the culture broth was analysed after an 18 h incubation. As predicted, the AAT16-F185I mutant had significantly reduced ester production compared to AAT16-wt (Fig. 3) . While hexanoyl-CoA and butanoyl-CoA docking was not assessed in silico, this may also be the case for these substrates as well. In contrast, the AAT16-S99G and AAT16-L178F mutants respectively produced 4.5 times and 1.9 times more butyl octanoate compared to AAT16-wt ( Fig. 3 and inset) . Consistent with predictions from modelling the S99G mutant, for which the octanoyl-CoA was predicted to dock closest to the H166 residue, resulted in the largest improvement in butyl octanoate titres. Interestingly, the S99G mutant appeared to produce significantly more butyl hexanoate compared to the AAT16-wt, while the L178F mutant produced significantly less butyl butyrate (Fig. 3) . This suggests that it may be possible not only to open the active site to accommodate larger fatty acyl-CoAs but also to selectively reduce activity towards the shorter chain homologues. A double mutant, AAT16-S99G-L178F, was created and assessed in vivo to determine if together these mutations could further increase butyl octanoate accumulation in E. coli. However, no significant improvement in titre was observed from the double mutant compared to the AAT16-S99G single mutant, and the proportion of each ester produced was similar to this single mutant as well (Fig. 3) . This was consistent with in silico substrate docking, which found that octanoyl-CoA was not predicted to dock closer to H166 in the solvent channel of AAT16-S99G-L178F than in AAT16-S99G (Fig. S12) . As the extent of growth (Fig. 3) of cultures of E. coli harbouring plasmids of AAT-wt and each variant and the AAT protein abundance (determined by SDS-PAGE densitometry, Fig. S10 ) were found to be similar this suggests that the final butyl ester titres and distribution of esters observed in vivo were a genuine reflection of enzyme substrate specificity. To further confirm this, the catalytic activity of AAT16-wt, AAT-S99G, AAT-L178F, and AAT16-S99G-L178F for making butyl octanoate was assessed by performing in vitro assays using crude cell extract (Table 2 ). It was found that each mutant had improved activity for producing butyl octanoate over the AAT16-wt, and that the activities seen in vitro correlated well with the results seen in vivo (Fig. 3) .
While the S99G and L178F mutants of AAT16 resulted in increased butyl octanoate accumulation upon heterologous expression and substrate feeding in E. coli, final titres remained low. The continued high production of butyl butyrate and -hexanoate from the mutants showed that these shorter acyl chain lengths remained the preferred substrates. While additional AAT16 protein engineering could be performed to further improve the activity of this enzyme towards octanoyl-CoA, it is unlikely to lead to an absolute specificity for this substrate in the presence of shorter chain acyl-CoAs. Therefore, to increase butyl octanoate production it was necessary to reduce short chain acyl-CoA Figure 3 (A) Proportion of butyl butyrate, -hexanoate, and -octanoate present in the culture broth of E. coli C43 (DE3) expressing either the AAT16, AAT16-S99G, AAT16-L178F, or AAT16-S99G-L178F upon exogenous addition of 10 mM butanol and 5 mM octanoic acid. Products were analysed after 18 h of growth at 20 ºC. (B) shows the final culture OD 600 . The inset above (C) shows the proportion of butyl octanoate produced by each of these four proteins. Data are the mean ± standard deviation of three biological replicates. Full-size  DOI: 10.7717/peerj.6971/ fig-3 production from octanoyl-CoA by perturbation of the β-oxidation pathway (Steen et al., 2010; Duan et al., 2011; Layton & Trinh, 2014) .
b-oxidation perturbation for improved butyl octanoate product specificity from AAT16 in E. coli
Through the catabolic β-oxidation pathway, a fatty acid is iteratively shortened in chain length by two carbons per cycle (Iram & Cronan, 2006) . The activation of a free fatty acid for β-oxidation involves its conversion to an acyl-CoA via the acyl-CoA synthetase, FadD. Following this, the first committed step of fatty acid degradation involves the dehydrogenation of the acyl-CoA to an enoyl-CoA by the acyl-CoA dehydrogenase, FadE (Fujita, Matsuoka & Hirooka, 2007; Lennen & Pfleger, 2012) . Thus, elimination of fadE should prevent exogenously supplied octanoic acid (and endogenously produced fatty acids) from entering the β-oxidation cycle and instead allow the accumulation of octanoylCoA via the activity of FadD, effectively eliminating the availability of the competing hexanoyl-and butanoyl-CoA substrates. Plasmid pET21a::AAT16 was transformed into strain S002 (E. coli BL21 (DE3) DfadE) (Torella et al., 2013) to create strain DLBO1. Expression cultures of DLBO1 were supplemented with 10 mM butanol and 5 mM octanoic acid, and after an 18 h incubation it was found that butyl octanoate was the sole ester product detected in both the culture broth and cell pellet fractions (Fig. 4) . The total amount of butyl octanoate produced was 0.75 ± 0.02 mg/L (Fig. 4) . Normalising for differences in cell density, this was similar to the amount of butyl octanoate produced by AAT16 in strain C43 (DE3) (Fig. 1) , which reached higher cell densities. Thus, although the loss of octanoyl-CoA via β-oxidation had been eliminated-improving the stoichiometry of conversion-to butyl octanoate, there was no improvement in butyl octanoate productivity. This may simply reflect the fact that octanoyl-CoA levels were saturating for enzyme activity in both cases, although it may also be the case that AAT16 was being outcompeted for octanoyl-CoA by other endogenous E. coli enzymes. Exogenously supplied fatty acids, upon conversion to their corresponding acyl-CoA, can be directly utilized for phospholipid biosynthesis (Yao & Rock, 2015) . Alternatively, this may be the result of slow production of octanoyl-CoA from the free fatty acid. FadD has been shown to have low activity towards fatty acids of fewer than 10 carbons in length (Kameda & Nunn, 1981; Ford & Way, 2015) . This hypothesis is supported by the observation of residual Table 2 In vitro activity of the AAT16 enzyme and its single point mutants for making butyl octanoate.
Enzyme
Activity ( 
Notes:
Data represents the average of three replicates ± standard deviation. Assays were performed at 30 C for 30 min using 20 mM butanol and 0.5 mM octanoyl-CoA. a C43(DE3) carrying no plasmid was used as a negative control. free octanoic acid in E. coli cultures even 24 h after supplementation (Fig. S11) . As E. coli lacks the ability to convert exogenously supplied fatty acids to acyl-ACPs for entry into the FAS pathway, the fate of a supplemented fatty acid depends on its conversion to an acyl-CoA via FadD (Cronan & Subrahmanyam, 1998; Yao & Rock, 2015) . Further, poor flux of octanoic acid to butyl octanoate presents the opportunity for precursor toxicity via the accumulation of the thioester-CoA, which may affect the rate of product formation. Efficient conversion of octanoic acid to octanoyl-CoA via FadD and of octanoyl-CoA to butyl octanoate via AAT16 is essential to minimize the accumulation of toxic intermediates and/or side reactions.
While β-oxidation perturbation successfully eliminated the production of the undesired shorter chain butyl hexanoate and -butyrate esters from E. coli expressing AAT16 with substrate supplementation, the lack of improvement in total butyl octanoate titre suggests that engineering a system in which butyl octanoate is produced from endogenous octanoyl-CoA will require not only upregulation of octanoic acid production, but also improving its conversion to octanoyl-CoA. Engineering endogenous octanoyl-CoA synthesis for butyl octanoate production
As FAS in E. coli typically ends with the production of long-chain acyl-ACPs (C16-C18), engineering fatty acid metabolism to favour the production of medium chain fatty acids (MCFA), such as octanoic acid, requires modification of the FAS pathway. Expression of a thioesterase enzyme (which hydrolyses acyl-ACPs to their corresponding free fatty acids) with activity towards octanoyl-ACP was expected to increase free octanoic acid abundance in the cell. While a number of thioesterases have been characterised as having activity for the C8:0-ACP chain length (Jing et al., 2011; Zheng et al., 2012; Volker et al., 2014; Kirtz et al., 2016; Tan et al., 2018; Feng et al., 2018) , the FATB1 thioesterase from Cuphea palustris was selected for this work as it demonstrates nearly exclusive substrate specificity for hydrolysing octanoyl-ACP to octanoic acid, and has been used by others for the production of this acid in E. coli (Dehesh et al., 1996; Jing et al., 2011; Torella et al., 2013) . The sequence of the FATB1 gene was codon-optimized for expression in E. coli and cloned into the pRSETa plasmid to drive expression under the T7 promoter (Table 1 ). E. coli strain S002 (DfadE) was transformed with plasmid pRSETa::FATB1 to create strain DLBO5 and this was assessed for free octanoic acid production with and without cerulenin supplementation. Torella et al. (2013) found that the addition of the antibiotic cerulenin-which acts by targeting FabB and FabF to inhibit acyl-ACP elongation during FAS, without affecting the initial condensing enzyme FabH-results in the accumulation of medium chain acyl-ACPs in vivo (Jackowski & Rock, 1987; Torella et al., 2013) . Cultures of E. coli C43 (DE3), S002, DLBO5, and DLBO5 + cerulenin were grown in M9 media + 1% glycerol, induced with IPTG, and incubated for 24 h at 30 C before analysis. Figure 5 shows the relative abundance of cell associated octanoic acid relative to strain C43 (DE3). From these results, expression of FATB1 in conjunction with cerulenin supplementation resulted in the highest accumulation of intracellular octanoic acid, with 8.5 times more than the control strain. In comparison, strain DLBO5 without cerulenin supplementation gave 4.5 times more octanoic acid, suggesting that cerulenin treatment had a significant impact on medium chain fatty acyl-ACP availability for FATB1 hydrolysis. Converting endogenously produced octanoic acid to the octanoylCoA substrate utilised by AAT16 requires the activity of FadD, which we previously suggested might be a potential bottleneck to butyl octanoate production due to the low substrate specificity of this enzyme for MCFA. However, recent work by Ford & Way (2015) has produced an E. coli FadD mutant, FadD-V451A, with improved activity towards octanoic acid and decreased activity towards long chain oleic acid. By combining the energetically favourable FATB1-catalyzed hydrolysis of octanoyl-ACP to octanoic acid with its subsequent reactivation to an acyl-CoA-catalysed by the FadD variant with improved activity towards MCFAs-in a β-oxidation perturbed background, fatty acid metabolism may be efficiently directed to octanoyl-CoA synthesis. Figure 6 shows the proposed strategy for butyl octanoate production from endogenous upregulated octanoyl-CoA. To investigate the feasibility of such a strategy plasmid pBEST03 was created (Supplemental Materials; Fig. S6 ) which included the E. coli harmonized coding sequence of AAT16-S99G from Actinidia chinensis, and the optimised coding sequences of FATB1 from Cuphea palustris and FadD-V451A from E. coli, all under the control of T7 promoters to drive high expression. Both plasmids pBEST03 and pET21a::AAT16-S99G were co-transformed into strain S002 to create strain DLBO3. AAT16-S99G was expressed from both vectors in this strain as it was previously found that this resulted in a small but significant increase in butyl octanoate production (Fig. S9) . Cultures of strain DLBO3 and of control strain DLBO2 (S002 + pET21a::AAT16-S99G) were induced with IPTG, supplemented with 10 mM butanol and cerulenin, and incubated for 24 or 48 h at 20 C before analysis. It was found that strain DLBO3 produced 1.5 + 0.1 mg/L of butyl octanoate after 24 h, and 3.3 + 0.1 mg/L after 48 h (Fig. 7) . These values represent the total butyl octanoate found in both the culture broth and cell pellet. This is an improvement in production over strains supplemented with exogenous octanoic acid. Multiple factors are potentially contributing to this improvement, including: enhanced conversion of octanoic acid to octanoyl-CoA via the FadD-V451A variant, the potential alleviation of a bottleneck in octanoic acid uptake by the cell through endogenous production of the acid via FATB1, and improved AAT16 abundance and substrate specificity towards octanoyl-CoA. Further work improving/balancing flux through this pathway to resolve potential bottlenecks will be necessary to improve butyl octanoate titres. For instance , Hernández Lozada et al. (2018) recently created a FATB1 variant capable of producing ∼20-fold more octanoic acid in E. coli than the FATB1-wt, without cerulenin supplementation. Integration of this FATB1 variant into the DLBO3 system described here would be valuable exercise in determining whether octanoic acid availability is a bottleneck to butyl octanoate production, while concomitantly eliminating the cellular burden imposed by cerulenin supplementation. The control strain, DLBO2, which did not include heterologous expression of FATB1 or FadD-V451A for increased endogenous octanoyl-CoA abundance, did produce a small amount of butyl octanoate. As none was detected from cultures of E. coli strain C43 (DE3) harbouring pET21a::AAT16 supplemented with only butanol (Fig. S8) , its production in this strain suggests that the combination of β-oxidation perturbation and cerulenin supplementation are sufficient to supply some octanoyl-CoA for the AAT16-S99G variant to esterify. No ester product was detected at either 24 or 48 h in cultures of strain DLBO2 and DLBO3 where butanol supplementation was excluded (Fig. S13) . Ideally, an E. coli strain capable of producing both the butanol and octanoyl-CoA substrates from glucose would be desirable for butyl octanoate production. As such, efforts to produce butyl octanoate from endogenous butanol (with octanoic acid Figure 6 Diagram illustrating the strategy for engineering E. coli for the production of butyl octanoate from endogenously produced octanoylCoA and exogenously supplied butanol. Diagram of the engineered pathways for the production of butyl octanoate as an end-product from endogenously produced octanoyl-CoA and exogenously supplemented butanol, in E. coli. Octanoyl-CoA was produced from de novo fatty acid synthesis via expression of a FATB thioesterase from C. palustris and over-expression of an E. coli FadD point mutant in a DfadE background. The antibiotic cerulenin was applied to inhibit fatty acyl-ACP elongation during FAS. Butyl octanoate was produced from endogenous octanoyl-CoA and exogenous butanol via expression of an AAT from A. chinensis.
Full-size  DOI: 10.7717/peerj.6971/ fig-6 supplementation) via co-expression of AAT16-S99G and the modified Clostridium acetobutylicum butanol pathway described by Shen et al. (2011) were made in E. coli. However, while butanol was produced in excess, only trace amounts of butyl ester were detected (data not shown). Through further investigations it was eventually discovered that transcription of the AAT16 gene was being inhibited by the expression of the butanol pathway gene, ter, from Treponema denticola. However, the mechanism by which this was occurring has not yet been determined (Table S1 ; Fig. S7 ). As an alternative, butanol production could be attempted through alternative metabolic routes, such as reversed β-oxidation and the keto acid pathway (Dellomonaco et al., 2011; Shen & Liao, 2008) .
CONCLUSION
This work demonstrates the combined application of protein engineering and fatty acid metabolism engineering for the heterologous production of a single medium chain ester from endogenous acyl-CoA in E. coli. Unlike previous studies producing shorter chain esters, an acyl-transferase with the required specificity for octanoyl-CoA was not available at the outset. However, by modelling both the protein structure and amino acid residues which are likely to affect the substrate binding specificity of AAT16 from Actinidia chinensis, we have demonstrated that it is possible to improve this enzyme's specificity for octanoyl-CoA. We have further shown that increasing the pool of octanoyl-CoA by perturbing β oxidation allows the production of butyl octanoate as a single product from cells supplemented with butanol. Although the low titre of product obtained meant that we recovered it mainly from the cells, the ability to partition across the cell membrane and high relative hydrophobicity means that cells with higher productivities should naturally accumulate this product as a second phase. The production of a pure, non-toxic product which can self-partition offers significant advantages for product recovery. To our knowledge, this represents the first example of AAT mediated synthesis of an ester with acyl chain length >C4 from endogenous acyl-CoA in E. coli. This preliminary work represents a first step towards the scalable and cost-effective production of longer medium chain esters from a microbial platform.
